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Investigation on the phosphorus interstltials in phosphorus .. impla.nted 
copper indium disulfide by a simplified total energy calculation 
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Republic of China 
(Received 31 March 1989; accepted for publication 25 April 1989) 
This paper presents a simplified total energy calculation for the phosphorus interstitials in 
P + -implanted CuInS2• The calculation was based on the tight-binding approximation and the 
atomic structure calculation scheme. Two types of interstitials were considered. One involved 
P and S2 - , the other involved p 3 + and S3 -. Results showed that the latter would be more 
possible than the former, which confirms the results of our previous electron paramagnetic 
resonance study on the p-type doping of P + -implanted CuInS2 • 
I. INTRODUCTION 
CulnS2 is one of the ternary chalcopyrite compounds 
which have the potential of being future optoelectronic ma-
terials. A number of investigations on its preparation and 
characterization have been reported.l~ Our interest in 
CuInS2 is derived from its potential as a photovoltaic mate-
riaf and thus the formation of p-n junctions is essential to 
the device fabricati.on. 
The conduction type of CulnS2 can be controlled by 
annealing under different sulfur pressures.8 Mittleman and 
Singh9 reported on the conductivity ofed and Zn doping in 
CuInS2 and confirmed their shallow donor characteristics 
which were verified by Hwang et al.1O The p-type conductiv-
ity coutrol of CulnS2 by introducing extrinsic impurities 
during the crystal growth (or by diffusion) is not feasible 
due to both the strong compensation effects and the low solid 
solubility of usual dopant species. Ion implantation can solve 
the solubility problem but the subsequent annealing is cru-
cial in determining the final electrical activity because a large 
amount of defects are left in the near-surface region of the 
implanted crystal. In our previous work,1O,ll P + implanta-
tion was performed and the effects of both the subsequent 
thermal annealing and pulse electron beam (PEB) anneal-
ing on the electrical property were studied. In the case of 
thermal annealing, no rectified junction could be made from 
the normally grown and Zn-doped crystals, the electrical 
activity was even reduced by the thermal annealing, and 
large amounts of P 485 precipitates in the annealed samples 
were found by transmission electron microscopy. 10 In the 
case of PEB annealing, a hole concentration as high as 
9x 1019 cm-- 3 was achieved and an excellent p-n junction 
with an ideality factor of 1.75 was obtained. II 
In our previous work,lz electron paramagnetic reso-
nance (EPR) experiments were done on the P + -implanted 
CuInSz samples to give physical insights into the two post-
annealing processes. A model explaining the annealing ef-
fects was also established. In this work, a simplified total 
energy calculation is performed to further support the iden-
tification of the EPR signals and our model. 
II. BRIEF DESCRIPTION OF THE EPR RESULTS 
The details of the experimental procedures were de-
scribed in Ref. 12. The results are summarized as follows: In 
addition to the signals of transition-metal contaminants, a 
narrow and single-line EPR signal with a g value of 2.0011 
showed up in the as-implanted crystals. It was caused by the 
implantation and was attributed to the 4s orbitals ofthe sul-
fur atoms nearest to the phosphorus interstitials by consider-
ing the signal features, the electronegativity, and that most 
dopants locate at the interstitials in the implanted region. 13 
This signal remained in the thermally annealed crystals but 
disappeared in the PEB-annealed samples. Thus the elimina-
tion of the phosphorus interstitials is the determinant factor 
to obtain good doping efficiencies. Defect elimination by the 
melting surface technique of PEB makes PEB annealing su-
perior to thermal annealing. 
m. THEORETICAL ANALYSIS 
When the phosphorus implantation is done, most of the 
implants in CulnS2 stop at the interstitial positions, each of 
which is surrounded by four sulfurs. After the relaxation 
process, if the phosphorus 3p electrons were not transferred 
to somewhere else, then, because of these electrons and be-
cause all the phosphorus nuclei have nonzero nuclear spins 
(I = D, multiline fine structures and hyperfine structures 
should be present in the EPR spectra. In our EPR measure-
ment of the P + -implanted CuInS2 , it seems peculiar at first 
glance that the sulfur 4s orbitals rather than the phosphorus 
3p orbitals were detected. However, since neither the hyper-
fine structures nor the fine structures were observed, the 
spectra clearly excluded possibilities other than the electrons 
near the sulfur atoms" Besides, the electronegativity of sulfur 
atoms is larger than that of phosphorus atoms, which indi-
cates that the electrons should be attracted from the sur-
rounding atoms including copper, indium, and phosphorus 
atoms to sulfurs during the relaxation process. Our identifi-
cation of the EPR signals could be further supported by the 
fonowing simplified total energy calculation which com-
pares the two cases: whether the phosphorus 3p electrons are 
attracted by sulfurs or not. 
A. Calculation method 
The system taken into consideration is the cluster 
formed by four sulfurs, their neighbors, and a phosphorus 
atom locating at the center (Fig. 0, By the ionic nature of 
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FIG.!. The cluster of the phosphorus interstitial in curns, single crystal. 
CulnS2 , it is reasonable to represent the various atoms and 
ions by the tight-binding approximation so that their over-
laps can be neglected. This approximation is justified since 
even in the free-atom case the amplitudes cfthe atomic-orbi-
tal functions quickly drop to zero within a few angstroms as 
they go radially outward. Thus the whole system is com-
posed of many small nonoverlapping systems (atoms or 
ions) which interact with one another through the Coulomb 
interactions between their respective effective charges, and 
the total energy E of the whole system can be approximated 
by the sum of the total energies Ea of these small systems and 
their Coulomb interaction energies U"b' That is, 
Ecluster = I Ea + I Uab , (1) 
a ab 
where the first summation is over aU the sman systems and 
the second is over all the pairs of small systems which have 
nonzero effective charges. Therefore, the atomic structure 
calculations can be applied. 
In our calculation, two charge configurations were con-
sidered: one was with P and S2 - , the other was with pH and 
S3 -. In both cases Cu + and In 3 + were kept unaltered. The 
total energy of the w hole cluster was calculated for these two 
cases and their difference was used to clarify the validity of 
the EPR signals. 
The procedure of the calculation for the structures of 
atoms and ions is similar to the conventional Herman-Skill-
man-type atomic structure calculation scheme. I4-16 The 
solved equation is the central-field atomic one-particle equa-
tion 
( d
2 1(1+1) ) dr - r + [En' - V(r)] Pnl (r) = 0, (2) 
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with n and I being the orbital quantum numbers, En' being 
the orbital eigenenergy, Pni (r)/r = R"J (r) where R"I (r) is 
the radial part of the orbital, and V(r) including the Cou-
lomb potential due to the electrons and the nucleus as well as 
the local density exchange and correlation functionals. 17- 19 
With initial eigenenergies (Enl ) and an initial potential 
[Vi (r) J specified, the outward and inward integrations of 
Eq. (2) are performed for each orbital. The eigenenergies are 
improved until good matching between the two integrations 
is achieved. The generated orbitals are then used to compute 
a new potentia! [ Vf (r) ] and if the self-consistency of V( r) is 
not attained, the next iteration is started with a new potential 
and new eigenenergies. The new potential is a suitable com-
bination of Vi (r) and J7.J.(r) to avoid unstability. The new 
eigenenergies are obtained by using the first-order perturba-
tion method. The matching criterion was chosen to be that 
the absolute value of AE"I/Enl is less than 10-5 • And 
the self-consistency criterion was set to be /Vi (r) 
- Vf(r)imax < 10-3 • Actually, we found that iAEn~/E"11 
smaller than 10 10 was easily attainable and about 5-10 iter-
ations were needed to satisfy the self-consistency when the 
Thomas-Fermi potential and the corresponding eigenvalues 
computed by Latter20 were used as the starting quantities. 
When dealing with negative ions, the difficulty in bind-
ing electrons to make the orbitals damped was overcome by a 
suitable tail correction to the potential which takes into ac-
count the screening effect. The basic idea of this tail correc-
tion is the same as the conventional one 16,20 which deals with 
neutral atoms and positive ions, but the radial probability 
rather than the potential is used as the checking variable. In 
this correction, the radial probabilities of each occupied or-
bital are integrated and summed to find the radii at which 
the neutral and the various negative effective charge states 
emerge and then suitable Coulomb potentials are specified in 
the regions between these radii. 
Since the atomic orbitals are less extended in solids than 
in free atoms, the infinity of the radial integration domain of 
Eq. (2) was chosen in our calculation to be nearer than in the 
free-atom case. This arrangement not only simulates the 
compression behavior of the atomic orbitals in solids but also 
assures the nonoverlapping of the atoms and the ions. 
B. Results and discussion 
The total energy of the cluster with the first charge coo-
figuration is calculated to be higher than that of the second 
by an amount of 0.922 Ry. Thus the second configuration is 
more energetically stable than the first and our interpreta-
tion of the EPR signal is confirmed. Since this configuration 
is thermally stable, it is not easily eliminated by the thermal 
annealing steps and the EPR signal associated with this de-
fect should appear both in the as-implanted and the thermal-
ly annealed samples as expected. The identification of P 4SS 
precipitates 10 also agreed with our result. On the other hand, 
PEB annealing melts the samples to a certain depth and then 
the recrystallization happens, thus the phosphorus intersti-
tials can be easily eliminated and the phosphorus atoms have 
a chance to occupy the sulfur lattice sites during the recrys-
tallization process. Therefore, the EPR signal could not be 
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detected in the PEB annealed samples and better doping effi-
ciencies were obtained. 
Since the quantity of interest is the difference between 
the total energies and the magnitude of the exchange and 
correlation energy is very small compared with that of the 
Coulomb energy, the choice of the formalism for the ex-
change and correlation term is not so important in our calcu-
lation. It was also noted that the total energy of 82 ~ differs 
little from that of S3 but the total energy of P is less than 
that of p3 + by about 20 Ry, and it is the Coulomb interac-
tion energy that makes the latter configuration stable. The 
tight-binding property is essential in defining the effective 
charges of the small system in the cluster. 
The validity of our approximation should be further ex-
amined by a more general calculation. However, this work 
gives us a first theoretical confirmation about our experi-
mental results. 
IV, CONCLUSION 
The identification of the EPR signals in P + -implanted 
CulnS2 crystals has been theoretically confirmed by a sim-
plified total energy calculation. The key role of the melting 
effect during the PEB annealing on the resultant electrical 
property is further clarified. 
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